Abstract -Measurements made using an in situ particle-sizer (PSA) were compared to those of an optical backscatter sensor (OBS) in a macrotidal estuary. Both estimate the total volume of particles. After comparison with dry weight of suspended matter sampled in the study area, the different measurements were converted into dry weight. In three different kinetic energy regimes, times series were coherent for most of the observations. Discrepancies of suspended sediment concentrations estimated by both sensors appeared under specific hydrodynamic conditions: they were related to occurrences of definite particle populations. Overestimations and underestimations of measurements by the instruments depend on the optical principles of the sensors (backscatter and diffraction). Flocs appearing at low tide with low currents are detected by the PSA and not detected by the OBS which is more sensitive to finer particles and re-suspension of sedimentary particles from the bed, induced by high current velocities during flood tide. © 2000 Ifremer/CNRS/IRD/É ditions scientifiques et médicales Elsevier SAS aggregates / suspended particulate matter / particle size Résumé -Matières en suspension dans un estuaire à fort marnage : comparaison de différents capteurs. Des mesures acquises dans un estuaire à fort marnage par un analyseur de taille de particules in situ (PSA) ont été comparées aux mesures obtenues par un capteur de charge particulaire par rétrodiffusion (OBS). Tout comme ce dernier, le PSA estime le volume total de particules. Après comparaison des données acquises avec des mesures de poids secs de matières en suspension sur des prélèvements échantillonnés dans la zone d'étude, les séries temporelles issues des capteurs ont été converties en séries de poids secs. Pour trois coefficients de marnage différents, les résultats sont cohérents pour la plupart des observations. Des écarts de mesure de matières en suspension calculés par les deux capteurs apparaissent dans des conditions hydrodynamiques spécifiques et sont reliés à l'apparition de populations de particules précises. Les surestimations ou sous-estimations par les deux instruments dépendent des principes optiques des capteurs (rétrodiffusion et diffraction). Les agrégats, apparaissant à basse mer par courants faible, sont détecté par le PSA et invisibles à l'OBS qui est plus sensible à certaines particules plus fines et aux remises en suspension de particules sédimentaires du fond, générées par les forts courants de marée montante. © 2000 Ifremer/CNRS/IRD/É ditions scientifiques et médicales Elsevier SAS agrégats / matières en suspension / taille de particule
INTRODUCTION
Understanding sedimentary transport in estuarine environments requires in situ acquisition of time series of particles quantities. Numerous methods and instruments have been developed to quantify suspended particulate matter in seawater. Among them, sensors such as the OBS [6] or transmissometers are well known and often used in hydrodynamic studies. They give satisfactory and reliable results in most cases.
However, in many cases, a quantitative study is not sufficient: it is recognized that the nature of the particles varies according to the physical (current, salinity), and chemical (organic matter) environment. In estuarine waters, aggregates, consisting of organic and inorganic components, can be observed according to specific conditions [2, 7, 19, 22] or located within thin layers in the water column [25] .
These large-size particles offer to bacteria a growing substrate. They also have an important role in the transport of hydrophobic contaminants. Such suspended particles aggregated into flocs, are very fragile and are often broken when sampled with a Niskin bottle [15] . Thus, it is very difficult to obtain representative granulometric measurements from samples analysed after collection.
In marine studies, investigation on particle sizes requires the use of sensors able to measure directly the in situ granulometric distribution [1, 2, 14] . Based on the principle of diffraction, those instruments investigate size spectra of particles without modifying their structures.
Recently, technological advances in photography and videomicroscopy have significantly improved our ability to study sedimentary transport and particles investigations in seawater. These techniques allow in situ visualization of the particles. Several scientific groups have already successfully applied these techniques in marine or coastal environments [8, 17, 18] . Digitalizations and data-processing treatment of the images obtained in the field allow a qualitative and quantitative evaluation of the particles. It is often essential to build a mechanical unit for slowing down the particles in order to obtain a good surface estimation [12, 23] . However, these techniques are not easily applicable to the detection of particles smaller than 20 mm diameter.
The development of new techniques has also led to problems of calibration and intercomparison. Eisma et al. [11] compared in the Elbe river, eight different methods for quantification of suspended particles. Their results showed that the response of the sensors was dependent on the characteristics (size, density, shape) of the particles. Laboratory studies showed the limits and the inaccuracies of the OBS for some categories of particles. For calibrated glass grains, an inverse relationship was found between OBS measurement and the size of the grains [5] . Gibbs and Wolanski [16] have shown an underestimation of 150 % by OBS due to flocs. For OBS, interferences may also be due to biological material in coastal waters [21] . Conversely, the diffraction method seems to be very sensitive to the presence of large size particles found in the stratified water column of coastal areas [14] .
The present study describes in situ experiments showing measurement discrepancies between two sensors, OBS (backscatterance method) and the CILAS particle size analyser (diffraction method) [14] . Three time-series of granulometry and suspended sediment concentration have been acquired in three different kinetic energy regimes and total suspended sediment concentration estimated by optical backscatter sensor are compared to the results from the IFREMER-CILAS particle-size analyser.
MATERIALS AND METHODS
Experiments were conducted in the mid channel of Elorn river (Bay of Brest) which is oriented NE -SW ( figure 1) . Tidal A detector in the optical axis gives a measurement of the laser beam transmission which can be related to particle load. From the total energy scattered in the angular sector, it is possible to compute an estimation of the total volume of particles. Calibrations with unimodal populations of calibrated beads have already been realized [14] . A good relationship was found between the total load criterion estimated by the PSA and the total volume of the particles present.
The PSA has a 48 h autonomy. Data, acquired at 15 s rate, are stored in a Save Random Access Memory with a total capacity of 8 MegaBytes allowing the storage of 190 000 particle-size measurements. PSA was placed at 0.5 m from the bottom. Additional sensors were also placed at 0.5 m from the bottom: a Seacat probe (Sea-Bird Electronics) provided synchronous measurements of temperature, salinity, pressure and OBS, and an electromagnetic currentmeter (InterOcean S4) was moored at 10 m distance from the PSA and the SEACAT probe.
Sensors acquired data during 24-h periods during different tidal regimes. During spring 1994, 3 timeseries were acquired:
13-14 April 1994: mean tidal range; 5 566 measurements 27-28 April 1994: high tidal range (spring tide); 5 636 measurements 2-3 June 1994: low tidal range (neap tide); 6 052 measurements For sensors calibration and microscopic observations, water samples were taken near the mooring station with a horizontal Niskin sampling bottle, automatically closed at 0.5 m above the bottom. Samples were filtered on GF/F filters pre-combusted at 450°C (2 h), pre-weighted and dried at 60°C for 24 h.
RESULTS
Time-series (figures 2-4) were synchronised against tidal hour for improving data visualisation and interpretation. Large variations can be detected especially during high kinetic energy periods occurring during spring tide (figure 4). During neap tides (figure 2), the low energy induced very small variations in salinity between high and low tide into the bottom layer: vertical mixing was very limited. By contrast, during spring tide, due to increased vertical mixing, low salinities were observed in the bottom waters. A tidal asymmetry was observed with higher current speeds into the bottom layer at flood tide.
Measurement validation
Before any analysis, the data obtained from the particle size analyzer were validated. The computed grain size distributions are reliable when the transmission measurements are greater than 40 % [3, 14] . For lower values, particle load is too high and the calculated size distributions are skewed. Thus, some measurements obtained during the high tidal range were not taken into account in the analysis. First data examination was made by grouping different size classes of particles. All data were gathered into four empirical classes: particles smaller than 10 mm because of their low settling rate, particles between 10 and 70 mm (silt), the largest particles were separated into two classes (above and below 210 mm) because of their different behaviours and occurrences.
Sensors calibration
Sensors were calibrated against the dry weights of 60 samples taken during data acquisition at regular time intervals (15 or 30 min depending on the time-series).
The following correlations between suspended sediment concentration (S.S.C.) and sensors data were established (figures 5 and 6) for the two methods:
for the diffraction-sensor (PSA) S.S.C. (mg·L , for both sensors. Figure 7 represents a superposition of estimated dry weights time-series for the mean tidal range. These dry weight calibrations are simply indicative since bottle and sensor sampling are not related to the same scale. However, for ease of discussion, the two sensors are compared later from their results expressed in terms of equivalent dry weight.
Differences in calculated particle quantities
From the calculated dry weight series, it is possible to establish the differences in estimations by OBS minus estimations by PSA (D= SSC OBS − SSC PSA ) expressed in equivalent dry weight.
The results of the calculated differences are presented in figure 8 for each tidal range. The corresponding water depths are also drawn on the graphs. The responses of both sensors are in accordance. Despite some differences in response, the two sensors give coherent results, the histogram of D (not shown) is symmetric and centred at -0.8 mg·L . This range is used as the operational significance level of the bias between the two sensors. However, at times, either negative or positive differences occur: 1. Neap tide (figure 8a): OBS never over-estimates relatively to the PSA, but significant over-estimations by PSA appear throughout the cycle, especially around low tide. 2. Medium tidal range (figure 8b). For these series, the calculated differences are either positive or negative. OBS measures more particles than PSA during flood. PSA estimates more particles than OBS around the end of ebb tide. 3. Spring tide (figure 8c). The measurement cycle obtained at high tidal range, shows significant differences between the sensors: OBS gives higher measurements than PSA at the end of flood tide. As for the low tidal range, PSA detects more volume of particles than OBS around low tide.
Generally, the OBS over-estimation of particle concentration increases with the tidal energy. These over-estimations always occur at the end of the flood. On the other hand, over-estimations by PSA compared to OBS occur mainly around ebb tide. Over-estimations by PSA do not seem to be related to high tidal energy.
Particle quantities estimation and grain size distribution relationship
The differences in measurement by the instruments occur under special conditions related to the hydrodynamics and the hydrology of the estuary. They could be related to specific particle populations in the estuary.
Analysis of the grain-size distribution time-series revealed that differences in total quantity estimations were related to size classes histograms measured by PSA.
All measurements from the three time-series considered together, dry weight differences (D) were classified into 10 classes (figure 9a). Negative values of D correspond to an overestimation of PSA relatively to OBS and conversely, the positive values result from an overestimation of OBS sensor.
This graph highlights a good coherence between the two sensors, since the majority of the observations (80 %) gives a D comprised between 9 5 mg·L − 1 . However, large positive or negative differences may occur.
An analysis of particle-size distributions allows us to classify D as a function of the average contribu- tions of the four main size classes defined above (figure 9b). The relative contribution of the 4 particle classes shows a smooth evolution from negative to positive D. Maximum overestimation by PSA corresponds to a high abundance of particles larger than 210 mm. Over-estimates by OBS are related to an increase in the quantity of the particles ranging between 10 and 210 mm.
Relationship between sensor differences, quantities of particles by classes, current speed and salinity
The occurrences of good or bad agreement between the two sensors vary according to the tidal kinetic energy. The discrepancies therefore, seem to be related to the strength of the marine currents generated in the estuary.
The relationship between the differences in estimation of quantity of particles by the sensors, current speed and salinity was studied ( figure 10 ). This graph shows that over-estimates by PSA correspond to low currents (lower than 20 cm·s
) and low salinity periods, favourable to the appearance of large size particles higher than 210 mm. These periods mainly occur at low tide.
Reciprocally, over-estimates by OBS are associated with the strong currents of ebb (greater than 35 cm·s − 1 ) which resuspend, in the bottom layer, a large quantity of particles of size extending between 10 and 100 mm. Figure 11 highlights the correspondance between the current velocity and the abundance of large-size particles under neap tide conditions. A current speed threshold (20 cm·s − 1 ) can then be defined. Below this value, a strong abundance of particles of size higher than 210 mm can be observed.
Inversely, for the spring tide time-series (figure 12), particles in the range size between 70 and 210 mm become abundant above a speed threshold of 20 cm·s − 1 . Figure 13 confirms the relationship between the current velocities and the differences in the estimation of suspended particulate matter by the sensors, for the three time-series. This graph presents a velocity threshold of 20 cm·s
. Below this value, the PSA over-estimates the values of quantity of particles compared to the OBS. For higher values, the OBS is more sensitive than the PSA to the types of the particles present in the estuary. 
DISCUSSION
Microscopic observations were performed from samples taken under various tidal conditions. A corresponding sample to the period of over-estimation by the OBS (figure 14a) was composed of sedimentary particles of small size (50 -100 mm) with a large abundance of refractive particles. These particles are primarily micas: particles of high density re-suspended from the bed by strong currents. They have a high specularity, and thus, their abundance will be well measured by a sensor based on the principle of retrodiffusion like the OBS.
In the same way, microscopic observations were carried out on samples corresponding to periods of over-estimation by PSA (figure 14b). Morphometric measurements reveal the presence of organic aggregates of size ranging between 300 and 1000 mm. Gibbs and Wolanski [16] reported on the limitations of the backscattering sensors for translucent and not very refractive particles such as large flocs. PSA, on the other hand, is particularly sensitive to this type of particles. From our measurements, it appears that the favourable tidal times for the formation of organic aggregates are low current and low salinity periods which occur in the estuary around ebb tide. In the Elbe estuary, Pfeiffer [20] , using a video system, reported that after ebb slack tide the number of the visible flocs increases. Using a video camera developed by the Netherlands Institute for Sea Research in the Elbe estuary, Eisma and Kalf [10] also detected the presence of large flocs in the bottom layer at slack tide in Elbe estuary. All the material is then concentrated in flocs with nearly clear water in between, resulting in the low turbidity and low weight. Those flocs are made of organic matter associated with mineral particles. They contain a high percentage of water. Thus they have a very low density. Individual floc data obtained with the in situ video camera INSSEV in the Elbe river show that the density of the particles is inversely proportional to their volume [13] . In our study, calculated dry weights of samples containing large amounts of aggregates are therefore overestimated. One solution to this problem could be the use of two calibration curves, one for small elementary particles and one for aggregates. However sampling for aggregates is difficult to realize.
Processes of aggregations and disaggregations of particles have been studied for several years. Our results are in agreement with the studies of Eisma [7, 9] and experiments of Burban et al. [4] which showed that the average size of the flocculates decreased when the current velocity and the salinity increased. In our case, during high tidal energy periods, mixing generated by the flood currents causes the re-suspension of sedimentary particles from the bed. Low salinity favours flocculation but high current velocities break up large aggregates (Van Leussen, [24] ). These authors demonstrated a relationship between abundance and size of macroflocs and the variations in the Kolmogorov microscale.
In this study, we showed that large aggregates, in the bottom layer, disappear above a threshold of 20 cm·s − 1 (0.5 m above sediment) probably in relation to the reduction in size of the smallest eddies allowed by the Kolmogorov microscale. 
CONCLUSIONS
Generally, OBS and PSA gave comparable results. The differences in particle quantities appeared under conditions related to the hydrodynamics and the hydrology of the estuary. The OBS was particularly sensitive to some small sedimentary particles, while the PSA was sensitive to organic aggregates not detected by the OBS. This is due to the different optical principles. It is difficult to select the best probe according to the most realistic results. Quality and volume of particles have a great influence on the sensors' responses. This study shows that both instruments are complementary. The difference in suspended sediment concentrations estimated by OBS and PSA can be considered as a new parameter related to the types of suspended particles. This parameter allows the detection of the periods of resuspension of sedimentary particles from the bed by the currents and the detection of the flocculation periods. Tides and hydrodynamic conditions have an important effect on particle behaviour.
Results show that the observed discrepancies occur in specific hydrodynamic conditions. Differences observed are due to the optical principles of the instruments which are more or less sensitive to the size, the structure, the shape and the composition of the particles. Microscopic observations in water samples confirmed the relationship between the sensitivity differences of the sensors and the observed particles. The association of two different measurement methods (backscatterance and diffraction) offers an obvious benefit in estuarine field studies.
Further studies on covariances of the different sizeclasses could provide information on relationships of particles within a given size range with the hydrodynamical conditions, and therefore, on their densities and their types. These parameters are essential in view of modelling realistic particle behaviour [4, 24] .
